The evolutionary relationship of retroviruses to the negative-stranded RNA virus superfamily was examined by comparing protein structures. Since protein structures are more conserved over time than primary protein sequences, three-dimensional structural comparisons permit the identification of evolutionary relationships that were previously undetected. Human immunodeficiency virus (HIV) and influenza virus were used as representatives of the virus groups, and proteins with similar functions were compared. Since M1 of influenza virus has membrane-and RNA nucleocapsid-binding activities that are functionally analogous to those of the HIV matrix and capsid proteins, the structural similarities between these proteins were determined. Sequence alignments were based on superimposition of the three-dimensional structures. 
Introduction
RNA viruses are a diverse group of viruses. Morphologically, they can be icosahedral, spherical, rod-shaped, bullet-shaped or bacilliform. A universal system for classifying viruses, and a unified taxonomy, has been established by the International Committee on Taxonomy of Viruses (ICTV) since 1966 (Matthews, 1985) . There is also the Baltimore classification of viruses, based on the viral genome type and replication strategies (Baltimore, 1980) . The evolutionary relationship between the supergroups of RNA viruses and retroviruses is unclear. Although the retroviruses are RNA viruses, they are not grouped with the supergroups of RNA viruses because their replication system is different in that it Author for correspondence : Ming Luo.
Fax j1 205 934 0480. e-mail MING!ORION.CMC.UAB.EDU uses a DNA intermediate. At the same time, the general morphological structure of the retroviruses appears to be quite similar to that of negative-stranded RNA viruses. For this study, human immunodeficiency virus (HIV) was used as a representative of the retroviruses and influenza virus as a representative of the negative-stranded RNA viruses. Both viruses have a membrane envelope with surface glycoproteins and their RNA genome is packaged by a matrix and\or capsid and nucleocapsid protein. The influenza virus M1 protein and the HIV Gag protein have a similar function in virus assembly (Lenard, 1996) . They mediate the encapsidation of the ribonucleoprotein complex by the virus membrane. M1 and Gag are multiple domain proteins, with the various domains having similar functions. Functional alignment of the protein domains from N to C termini indicates matches of several domains : M1 membrane-binding N domain with HIV matrix protein, M1 RNA-binding M domain with HIV N-terminal capsid protein, and M1 C-terminal domain with HIV Cterminal capsid protein.
In this study, we have compared the structure of the HIV matrix protein with the membrane-binding N domain of M1 of influenza virus. The structure of the HIV N-terminal capsid protein was compared with the RNA-binding M domain of M1. The three-dimensional structures of the HIV matrix and capsid proteins have been reported (Hill et al., 1996 ; Momany et al., 1996 ; Gitti et al., 1996) . The structure of an 18 kDa Nterminal fragment of M1 has been determined by our laboratory (Sha & Luo, 1997) . Based on the comparative superposition of these structures, we show that the N domain of M1 of influenza virus and the HIV matrix protein have similar folds and that the M domain of M1 and the HIV Nterminal capsid protein have similar folds. We also demonstrate that structural similarities between viral proteins may indicate evolutionary relationships which were previously not detected.
Methods
Sequence data and atomic coordinates. Coordinates for the crystallographically determined HIV matrix protein structure were obtained from the Protein Database (PDB) (Bernstein et al., 1977) : trimeric HIV matrix protein (Hill et al., 1996) and dimeric HIV N-terminal capsid protein (Momany et al., 1996) .
The sequence data for these structures were derived from the corresponding PDB files. The sequence and coordinates for the 18 kDa M1 fragment were from our laboratory (Sha & Luo, 1997) .
Alignment of amino acid sequences based on structure superimposition and a homology program. The sequence of the HIV matrix protein was aligned with the N domain sequence of M1 and the HIV N-terminal capsid sequence was aligned with the M domain sequence of M1 of influenza virus. The alignments were based on superimposition of the three-dimensional structures. For structural alignments the Cα backbones of the structures were used to visually locate the conserved structural features that superimposed on each other. The conserved structural feature was a bundle of four helices. HIV matrix protein helices were superimposed upon helices 1-4 of the N domain of M1 and the HIV capsid helices were superimposed upon helices 6-9 of the M domain of M1. Based on the visual fit of the superimposed Cα traces, ten structurally equivalent residues were used as initial equivalences for the homology program (Roa & Rossmann, 1973 ; Rossmann & Argos, 1975 , 1976 .
The homology program devised an initial rotation matrix [C] and a translation vector d, which orientated the second molecule similar to the first molecule, which was held rigid. In these studies the N and M domains of M1 were held rigid while the HIV matrix and N-terminal capsid proteins were rotated and translated. When the best rotation angles and translation component had been determined with respect to the initial equivalent atoms, equivalences were re-assigned and the minimization procedure repeated. The region of structural equivalence along the polypeptide was extended until no changes in equivalences were obtained and a final rotation and translation matrix were given. The homology program provided a list of equivalent residues that were used to make the sequence alignments.
Three-dimensional structural comparison and superimposition. The Cα backbones of the proteins were compared quantitatively using a version of the homology program as outlined above.
The rotation and translation matrices obtained in each comparison from the homology program were applied to the coordinates of the HIV matrix and N-terminal capsid proteins. The Ribbons program was used to generate the aligned three-dimensional structural comparisons (Carson, 1991) .
Dali server search. The Dali server was used to search for structural similarities among the viral proteins and to evaluate the significance of viral protein alignments (Holm & Sander, 1998) . The Dali server was accessed via the Internet at http :\\www2.ebi.ac.uk\dali\. The coordinates for the membrane-binding N domain (residues 2-67) and the coordinates for the RNA-binding M domain (residues 91-158) of M1 were submitted to the Dali server. Multiple alignments of structural neighbours were mailed back from the server.
Results

Sequence alignment and superposition
Sequence alignments were based on the equivalences resulting from the homology program calculations. As reported by Hill et al. (1996) , the HIV matrix protein consists of seven helices. It is composed of a globular domain of five major helices (H1-H5) capped by a three-stranded mixed β-sheet (strands 1-3). The seven helices include two minor helices : a 3 "! helix, H2h, and a mixed α\3 "! helix, H3h. The structure is organized about the central buried helix 4, which spans the globular domain, and this core helix makes hydrophobic contacts with all the other secondary structural elements (Hill et al., 1996) . Fig. 1 (a) shows the sequence alignment of the HIV matrix protein with the N domain of M1 of influenza virus, based on structural homology. A corresponding four-helix bundle of the HIV matrix protein aligned with the four-helix bundle of the N domain of M1 (H1-H4). The HIV matrix bundle consisted of helices 2, 2h, 3 and 4. The root mean square (RMS) was 3n48 A H for 47 equivalent Cα positions. Some residues in the helices could not be aligned. These include Glu-40 and Glu-44 of M1, and Gly-18, Pro-19, Glu-23 and Ile-24 of the HIV matrix protein. These may represent insertions or deletions. Fig. 2 (a) displays a Ribbons diagram of the superimposed HIV matrix protein and M1 N domain. The HIV matrix protein binds to the membrane through N-terminal myristylation and electrostatic interactions between basic residues and acidic phospholipids of the membrane (Hill et al., 1996) . These basic residues are contained within the threestranded β-sheet and helix 2. Only the core globular domain of the HIV matrix protein could be aligned with the helical bundle of the M1 N domain (Fig. 2 a) . The β-strands and helix 5 of the HIV matrix protein lie outside the aligned helical globular domains. Mutational studies suggest that not all β-strands are needed for membrane binding. Single and double amino acid substitutions of residues Lys-18, Arg-20 and Arg-22 of the HIV matrix protein had no measurable effect on virus assembly and release (Freed et al., 1995) . These residues are all located in strand 1 and loop 1. Mutations at basic residues downstream (Lys-26, Lys-27, Lys-30 and Lys-32) reduced total virion production (Freed et al., 1995) . Thus, key membrane-binding residues are located within helix 2 of the HIV matrix protein.
The alignment of helices 2 and 4 of the HIV matrix protein with helices 1 and 4 of M1 is interesting since helices 1 and 4 of M1 have been implicated in M1 membrane binding (Sha & Luo, 1997) . The hydrophobic helices of M1, H1 and H4 align with the charged H2 and hydrophobic H4 of the HIV matrix protein. The hydrophobic H1 of M1 is replaced by a charged H2 in the matrix protein. M1 is proposed to undergo a conformational change that allows a hydrophobic region, formed by H1 and H4 of M1, to penetrate into the inner leaflet of the lipid bilayer. Positively charged residues Arg-77 and Arg-88, located next to H5 of M1, may interact with phospholipids in a way analogous to the charged residues in the HIV matrix protein. Outside the helical domain lies helix 5 at the C-terminal region of the HIV matrix protein. The projecting helix 5 may provide the necessary spatial arrangement to allow for proper cleavage of the Gag protein by the protease to produce HIV matrix and capsid proteins. There is no processing of the M1 protein of influenza virus at maturation, which is consistent with the fact that M1 lacks a long-standing helix at the C terminus of its membrane-binding N domain.
The binding of the HIV matrix protein and M1 of influenza virus to membranes involves two basic interactions : hydrophobic interactions and electrostatic interactions. Hydrophobic interactions with the interior of the membrane for the HIV matrix protein are accomplished by myristylation, while for the M1 protein a hydrophobic helix allows hydrophobic interactions with the interior of membranes. Both proteins contain basic residues that may interact with acid phospholipids in the cellular membrane to increase the affinity of the proteins to the membrane. Interestingly, there are some retroviral matrix proteins that are not myristylated, such as that of Rous sarcoma virus (Schultz & Oroszlan, 1983) . The hydrophobic interaction may be substituted for by a hydrophobic helix that is exposed to the membrane upon a conformational change. Since the crystallized HIV matrix protein is proposed to be in the membrane-bound form, but is unmyristylated, and the crystallized M1 protein is in a nonmembrane-bound form, the possibility cannot be excluded that there are other conformations of the HIV matrix protein and M1 of influenza virus that may have even more structural similarities.
In addition to comparing the HIV matrix protein and the N domain of M1, the HIV N-terminal capsid protein and the M domain of M1 were also compared. The HIV N-terminal capsid consists of seven α-helices (A-G) as reported by Momany et al. (1996) . A, B, C, D and G are long helices, while E and F are shorter helices. The long helices, A, B, C, D and G, form a coiled-coil-like structure. The homology program aligned three helices of the capsid with three helices of the four-helix bundle of the M domain of M1. The sequence alignment of helices A, B and C of the capsid protein with helices 6, 7 and 8 of the M domain is illustrated by Fig. 1 (b) . Helices 6 and 7 of M1 have a highly charged surface that has been implicated in binding RNA and C of the N-terminal capsid protein facing the RNA interior of the virus. Even though helices A, B and C are not involved in RNA-binding to the HIV Gag protein, the fold is conserved and in a similar orientation to that of helices 6, 7 and 8 of M1. Fig. 2 (b) shows the superposition of the HIV capsid protein on the M domain of influenza virus M1. The proteins superimposed with an RMS of 2n63 A H for 40 equivalent Cα positions. Only three helices of the capsid protein aligned with the M domain of M1. The D helix of the capsid protein did not align with helix 9 of the M1 four-helix bundle. One might envision helix D of the HIV N-terminal capsid protein aligning with helix 9 of the M1 protein by a slight rotation. Helix D may be rotated to accommodate helix G and a loop that faces outward to the exterior of the capsid shell. This loop lies between helices D and E and contains a proline-rich sequence. Cyclophilin A binds to Pro-90 within this loop on the outside surface of the capsid shell. Cyclophilin A is found within mature HIV particles and may play a role in accelerating the isomerization of the proline residue and facilitate virus uncoating (Luban et al., 1993) . The other structural elements of the capsid are helices E, F and G. Helices E and F and a β-sheetlike structure between helices E and F are involved in capsid dimer contacts along with helices A and C. Helix G is the last helix. It connects the N-terminal domain to the C-terminal domain of the HIV capsid protein. Since the M1 protein has only a simple RNA-binding function in its M domain, it does not carry the extra structural elements.
Comparison of M1 and HIV capsid protein dimers
The M1 and HIV N-terminal capsid proteins exist as dimers in their crystal structures. Even though it is thought that the Cterminal capsid makes the major stable dimer capsid contacts, we compared the dimers of M1 and the HIV N-terminal capsid (Gamble et al., 1997) . The N-terminal dimer contacts may play a role in capsid contacts in the mature capsid. The dimer of M1 contains a highly positively charged surface in the M domain. Fig. 3 (a) shows the surface potential (Nicholls, 1992) . This positive area of the M1 dimer is involved in the binding of RNA. Because the HIV N-terminal capsid protein has a similar fold to the M domain, the dimer structures were superimposed and the electrostatics of the dimers were compared. Fig. 4 shows the superimposition of the M1 dimer on the HIV capsid protein dimer. When one monomer of the N-terminal capsid protein dimer is aligned with one M1 monomer, the other capsid protein monomer is rotated and does not align. Fig. 3 (b) displays the surface potential of the capsid protein dimer. It contains a less positively charged area than the M1 dimer. Even though the helical protein core between the M1 RNAbinding N domain and the HIV capsid protein is conserved, the electrostatics of the capsid protein dimers suggest an additional domain is needed for RNA binding. This is consistent with the fact that the HIV nucleocapsid protein, while in the Gag protein, binds RNA. The similarities observed between the M1 protein of influenza virus and the matrix and N-terminal capsid proteins of HIV are not surprising. Comparisons of the threedimensional conformations of other capsid proteins have revealed similar folds among a large number of unrelated viruses. There are similarities between the capsid of Southern bean mosaic virus, other icosahedral plant viruses and the picornavirus capsid (Rossmann & Rueckert, 1987) . The capsid proteins in these viruses are folded into an eight-fold β-barrel conformation. 
Dali server search
The Dali search aligned both the membrane-binding N domain and the RNA-binding M domain of M1 with similar proteins which included α and α\β structures. These included endonucleases, cytokines, DNA-binding proteins and haembinding proteins, such as cytochromes and globins. The alignments from Dali had a range of RMSs from 2n1 A H to 9n7 A H . The best fit for the M1 N domain of M1 was endonuclease III, with an RMS of 3n2 A H for 56 Cα positions. The best fit for the M1 M domain was methane monoxygenase hydroxylase, with an RMS of 2n5 A H for 47 equivalent Cα positions. The Dali searches had alignments with RMSs higher than our homology program comparisons. The HIV matrix and capsid proteins were not identified in the structural searches. A probable reason that these PDB codes were not found is that the Dali comparisons are against a representative subset of the PDB. The subset contains only one structure from each sequence family, defined using a 25 % sequence identity cutoff. The optimization in Dali is complex and not guaranteed to find the global optimum (Holm & Sander, 1998) .
Discussion
Because three-dimensional structures often reveal similar folds and binding sites not anticipated by comparing the linear primary sequences, it is insightful to compare the threedimensional structures of proteins with similar functions to reveal common functional motifs. Preservation of tertiary structure in protein families even where there is only low or no sequence similarity has been demonstrated for a number of protein families. These include the helical cytokines (Rozwarski et al., 1994) , the cystine-knot growth factors (Wu et al., 1994) , the globin family (Aronson et al., 1994) and capsid proteins of spherical viruses (Rossmann & Johnson, 1989) . Also, because the tertiary structure of proteins is conserved over a far greater IGH period of time than the primary protein sequence, comparisons of three-dimensional structures of proteins with similar functions may reveal evolutionary relationships that are undetectable by comparing linear protein sequences. For example, proteins HA of influenza virus and Gp41 of HIV are responsible for virus-membrane fusion and share a similar triple coil-coiled structure. This structural similarity between fusion proteins suggests that the functional comparisons among the influenza virus and HIV proteins may be extended to structural comparisons among other proteins of influenza virus and HIV, such as M1 and Gag (Bullough et al., 1994 ; Binley & Moore, 1997 ; Weissenhorn et al., 1997 ; Chan et al., 1997) .
M1 of influenza virus has a bifunctional activity. It has a membrane-binding activity like that of the HIV matrix protein and a nucleocapsid-binding function similar to that of the HIV capsid. The presence of common motifs between HIV and influenza virus proteins cannot be detected because of the low sequence similarity among these viral proteins.
Of course, any evolutionary inferences by structural comparisons are limited and become more difficult as the sequence identity between the proteins decreases. A stretch of sequence identity allows an initial structural alignment based on sequence. When proteins have no sequence identity their comparison is less straightforward. The possibility exists that the structural similarities seen in our comparisons are just a consequence of all proteins having a four-helix bundle, since it is a common protein-folding unit. This is unlikely. Even though there are numerous proteins with four-helix bundles, not all of these proteins are superimposable upon each other. Indeed, the length of the helices, loops and at what angles the helices are arranged with one another and pack together are important in any structural similarities. Because the proteins in our comparisons have similar functions and because the RMSs from the homology program fall within the lower range of the RMSs given in the Dali search for proteins similar to the M1 N and M domains, we believe our structural comparisons to be valid.
We have compared the structures of the HIV matrix and capsid proteins with that of the 18 kDa M1 protein. The membrane-binding N domain has a similar fold to that of the HIV matrix protein and the RNA-binding M domain has a similar fold to that of the HIV N-terminal capsid protein.
Structural elements such as β-sheets, loops and other helices that lie outside the aligned helical domains can be associated with other functions of the HIV proteins. The 18 kDa M1 protein can be viewed as a fusion of a membrane-binding N domain and an RNA-binding M domain, with similar folds and functions corresponding to the matrix protein and capsid protein of HIV, respectively. This is particularly interesting since the HIV matrix and capsid proteins are initially joined in the Gag protein. The Gag protein is processed after virus budding from the membrane and mutations removing protease cleavage sites do not inhibit virus assembly and release (Wiegers et al., 1998) .
The structural similarity between the HIV matrix and capsid proteins with influenza virus M1 protein may indicate remnants of a common ancestry. It is possible that the HIV Gag protein evolved from the same precursor as the influenza virus matrix protein, and it has through time gained new properties with the acquisition of additional structural elements. As the structures of more matrix or capsid proteins from enveloped retroviruses and negative-stranded viruses become available, more similarities may be identified to support this notion. The structural similarity between influenza virus and HIV viral proteins raises at least three evolutionary scenarios. First, the structural similarities arose by convergent evolution. This seems unlikely since convergent evolution can produce totally different protein structures that carry out the same biological function. For example, subtilisin is a bacterial serine protease with an amino acid sequence and three-dimensional structure quite different from the mammalian serine proteases. But, subtilisin exhibits the catalytic triad common to all serine proteases (Wells, 1987) . Thus, the same catalytic function is carried out by using a different three-dimensional structure. Indeed, other viral matrix proteins can exist as other folds containing β-sheets and\or α-helices. Next, the similarities may have arisen by divergent evolution. Perhaps ancestral retroviruses and negative-sense RNA viruses had different origins, but the retroviruses somehow incorporated some of the negative-sense RNA viral structural proteins and these proteins evolved with the retroviruses. The other divergent possibility is that the retroviruses and negative-sense RNA viruses had a common ancestor that diverged to give rise to negative-sense RNA viruses and a line of viruses that somehow gained reverse transcriptase activity.
This study illustrates the notion that proteins with low or no sequence homology can have similar three-dimensional structures and that structural similarities need not reflect sequence homologies. Also, these structural similarities support the idea that virus evolution seems to be modular. Certain structural or enzymatic modules that proved to be successful early in evolution can be seen in various virus superfamilies. A virus superfamily will contain a set of proteins that are functionally and structurally similar and found throughout the superfamily. But, some individual members of the superfamily may also contain proteins that resemble proteins from other virus families. Based on our study of influenza virus M1 and HIV matrix and capsid proteins, we suggest that similar folds could be present in functionally similar matrix and capsid proteins and that these folds could be in separate proteins or joined in a single polypeptide in other enveloped retroviruses or negative-stranded viruses. With the acquisition of more viral protein structures it will be interesting to compare proteins with similar functions to elucidate structural similarities and evolutionary relationships among viruses.
